RGS2, a GTPase-activating protein (GAP) for G q ␣, regulates vascular relaxation and blood pressure. RGS2 can be phosphorylated by type I␣ cGMP-dependent protein kinase (cGKI␣), increasing its GAP activity. To understand how RGS2 and cGKI␣ regulate vascular smooth muscle signaling and function, we identified signaling pathways that are controlled by cGMP in an RGS2-dependent manner and discovered new mechanisms whereby cGK activity regulates RGS2. We show that RGS2 regulates vasoconstrictor-stimulated Ca 2؉ store release, capacitative Ca 2؉ entry, and noncapacitative Ca 2؉ entry and that RGS2 is required for cGMP-mediated inhibition of vasoconstrictorelicited phospholipase C␤ activation, Ca 2؉ store release, and capacitative Ca 2؉ entry. RGS2 is degraded in vascular smooth muscle cells via the proteasome. Inhibition of cGK activity blunts RGS2 degradation. However, inactivation of the cGKI␣ phosphorylation sites in RGS2 does not stabilize the protein, suggesting that cGK activity regulates RGS2 degradation by other mechanisms. cGK activation promotes association of RGS2 with the plasma membrane by a mechanism requiring its cGKI␣ phosphorylation sites. By regulating GAP activity, plasma membrane association, and degradation, cGKI␣ therefore may control a cycle of RGS2 activation and inactivation. By diminishing cGK activity, endothelial dysfunction may impair RGS2 activation, thereby blunting vascular relaxation and contributing to hypertension.
RGS2, a GTPase-activating protein (GAP) for G q ␣, regulates vascular relaxation and blood pressure. RGS2 can be phosphorylated by type I␣ cGMP-dependent protein kinase (cGKI␣), increasing its GAP activity. To understand how RGS2 and cGKI␣ regulate vascular smooth muscle signaling and function, we identified signaling pathways that are controlled by cGMP in an RGS2-dependent manner and discovered new mechanisms whereby cGK activity regulates RGS2. We show that RGS2 regulates vasoconstrictor-stimulated Ca 2؉ store release, capacitative Ca 2؉ entry, and noncapacitative Ca 2؉ entry and that RGS2 is required for cGMP-mediated inhibition of vasoconstrictorelicited phospholipase C␤ activation, Ca 2؉ store release, and capacitative Ca 2؉ entry. RGS2 is degraded in vascular smooth muscle cells via the proteasome. Inhibition of cGK activity blunts RGS2 degradation. However, inactivation of the cGKI␣ phosphorylation sites in RGS2 does not stabilize the protein, suggesting that cGK activity regulates RGS2 degradation by other mechanisms. cGK activation promotes association of RGS2 with the plasma membrane by a mechanism requiring its cGKI␣ phosphorylation sites. By regulating GAP activity, plasma membrane association, and degradation, cGKI␣ therefore may control a cycle of RGS2 activation and inactivation. By diminishing cGK activity, endothelial dysfunction may impair RGS2 activation, thereby blunting vascular relaxation and contributing to hypertension.
Signaling by mammalian G protein-coupled receptors (GPCRs) 3 is regulated by a family of at least 30 RGS (regulator of G protein signaling) proteins (1) . Most RGS proteins regulate the kinetics and amplitude of G protein signaling in part by functioning as GAPs that accelerate the rate that G protein ␣ subunits hydrolyze GTP and cycle between active and inactive states (2) (3) (4) . Certain RGS proteins also are G␣-stimulated guanine nucleotide exchange factors (GEFs) for RhoA (5) , guanine nucleotide dissociation inhibitors for G␣ subunits (6, 7), or binding partners for Rap1 or Rap2 (8) , allowing RGS proteins to function as regulators, effectors, and integrators in G protein signaling pathways. RGS proteins are regulated post-translationally by several mechanisms, including phosphorylation (9 -16) , lipid binding (17) (18) (19) (20) , arginylation (21) (22) (23) , or palmitoylation (24 -33) . Of these mechanisms, RGS protein phosphorylation is particularly common. Phosphorylation of various RGS proteins can regulate GAP activity (9, (11) (12) (13) 34) , guanine nucleotide dissociation inhibitor activity (16) , degradation (14, 15) , or translocation into the nucleus (10) . However, the physiological functions served by RGS protein phosphorylation have yet to be established.
Phosphorylation of RGS2 is likely to be critical for regulation of G protein-mediated blood pressure control and vascular relaxation. RGS2 is a potent inhibitor of signaling by G q ␣ (35, 36) , which activates phospholipase C␤ and consequently triggers Ca 2ϩ fluxes. RGS2 also has the ability to interact with certain GPCRs, scaffold proteins, and effectors (37) (38) (39) (40) (41) (42) (43) . RGS2 is likely to regulate GPCR signaling pathways directly involved in blood pressure homeostasis, because it is expressed in vascular smooth muscle and other organs involved in blood pressure control (44 -46) and because many vasoconstrictors, including vasopressin, thrombin, and angiotensin II, activate G q -coupled receptors, thereby promoting myosin light chain phosphorylation and contraction (47) (48) (49) .
Such evidence led us to discover that RGS2 Ϫ/Ϫ mice are hypertensive (50) . Hypertension in RGS2
Ϫ/Ϫ mice is due in part to impaired vascular relaxation in response to NO donors or cGMP analogs (34, 51) , which activate cGMP-dependent protein kinases (cGKs) in vascular smooth muscle to attenuate vasoconstrictor signaling and thereby promote relaxation. In the absence of RGS2, these vascular relaxation defects are thought to result from the inability of cGMP to inhibit the Ca 2ϩ transients elicited by vasoconstrictors (50, 51) . Although specific Ca 2ϩ flux pathways regulated by cGMP in an RGS2-dependent manner have yet to be identified, these findings suggest that cGMP activates RGS2 function.
How RGS2 is activated by cGMP stimulation is not clear. RGS2 binds to and is phosphorylated by cGKI␣, modestly increasing its GAP activity in vitro toward G q ␣ (ϳ2-fold) (34) . However, it is unknown whether this mechanism accounts for cGMP-dependent augmentation of RGS2 function indicated by studies of vasoconstrictor signaling in vascular smooth muscle cells (51) . cGMP-stimulated phosphorylation therefore may augment RGS2 activity or function by additional mechanisms.
To elucidate the mechanisms whereby cGMP-triggered phosphorylation regulates vascular smooth muscle function, we have determined the specific vasoconstrictor-triggered Ca 2ϩ flux and second messenger pathways that are regulated by cGMP in an RGS2-dependent manner and investigated how cGK-mediated phosphorylation regulates RGS2 in vascular smooth muscle cells. Our findings indicate that cGKI␣-mediated phosphorylation regulates the degradation and plasma membrane association of RGS2, which would control RGS2 function as an inhibitor of vasoconstrictor-and G q -triggered PLC␤ activation, Ca 2ϩ release, and capacitative Ca 2ϩ entry in vascular smooth muscle, thereby promoting vascular relaxation.
EXPERIMENTAL PROCEDURES

Vascular Smooth Muscle Cell (VSMC) Isolation and Culture-
All procedures involving animals were performed in strict accordance with protocols approved by the Washington University School of Medicine Animal Studies Committee. Vascular smooth muscle cells (VSMCs) were isolated from thoracic aortas of age-matched (4 months) wild type and RGS2 Ϫ/Ϫ mice, as described previously (50, 51) . In brief, freshly isolated aortas were excised and incubated in Dulbecco's modified Eagle's medium/F-12 (Invitrogen). After fatty tissue and blood clots were removed, aortas were diced and enzymatically digested in Dulbecco's modified Eagle's medium/F-12 containing elastase (0.03%, w/v) and collagenase (0.07%, w/v), sieved through 50-mm nylon mesh, washed twice in culture medium, and seeded in a 12-well plate containing poly-L-lysine-coated coverslips. Cells were cultured for 3-5 days in Dulbecco's modified Eagle's medium/F-12 containing 20% fetal bovine serum, 20 ng/ml platelet-derived growth factor, 2 mM glutamine, and 0.1% penicillin and streptomycin. For membrane translocation studies of RGS2, cultured aortic VSMCs from wild type mice were infected with a lentivirus expressing wild type RGS2-myc or mutant RGS2-myc bearing serine to alanine substitutions at the two known cGMP-dependent protein kinase I␣ phosphorylation sites (S46A and S64A) and then allowed to grow 48 h before analysis. Staining with anti-smooth muscle ␣-actin antibody indicated that aortic cell cultures contained ϳ90% smooth muscle cells (data not shown).
Lentivirus-mediated Expression of RGS2-myc in Primary Aortic VSMCs and Smooth Muscle Cell Lines-We used a lentivirus system to express wild type RGS2-myc and RGS2(S46A,S64A)-myc in primary mouse aortic and cultured A7r5 VSMCs. The viral envelope plasmid VSVG, packaging vector ⌬8.9, and transfer vector FCIV were a kind gift from Dr. J. Milbrandt (Washington University School of Medicine). The FCIV vector uses the ubiquitin promoter to drive expression of the gene of interest, followed by an IRES to express enhanced GFP (VENUS) (52) . Wild type RGS2-myc and RGS2(S46A,S64A)-myc were cloned into FCIV using the PCR In-fusion TM cloning kit (Clontech) according the manufacturer's protocol. The lentiviral expression system was prepared as previously described (52) . Cultured primary aortic and A7r5 VSMCs growing on poly-L-lysine-coated cover glass were infected with lentivirus in the presence of 10 g/ml Polybrene. After 24 h, the culture medium was replaced, and cells were allowed to grow for 48 h. More than 90% of cells were infected (GFP-positive) as indicated by fluorescence microscopy. Lentivirus-mediated expression of RGS2-myc and RGS2(S46A,S64A)-myc was confirmed by Western blotting using mouse anti-Myc (Covance, Berkeley) and rabbit anti-GFP (AbCam) antibodies.
Ca 2ϩ Imaging-Ca 2ϩ signaling experiments using primary aortic VSMCs were performed as described previously (50, 51 (61, 62) . The plasmid pEGFP-N1-PKC␥C1A was a gift of T. Meyer (Sanford University School of Medicine). pShuttle-CMV and pAdEasy-1 vectors in BJ5183 cells were gifts of Dr. H. Piwnica-Worms (Washington University School of Medicine). EGFP-N1-PKC␥C1A was subcloned into pShuttle-CMV cleaved with BgIII and NotI. The resultant plasmid was linearized by digestion with PmeI and transformed to BJ5183 cells containing pAdEasy-1. The resultant plasmid was cut with PacI and transfected to HEK293 cells, and recombinant adenoviruses expressing EGFP-PKC␥C1A were isolated from the culture supernatant. Primary wild type and RGS2 Ϫ/Ϫ vascular smooth muscle cells growing on glass bottom dishes (Bioscience Tools, San Diego, CA) precoated with 0.5 g/ml vitronectin were infected by adenovirus expressing EGFP-N1-PKC␥C1A. After 3 days, the culture medium was replaced with Ca1 solution, and cells were imaged as follows with a laser-scanning confocal microscope (LSM-510; Carl Zeiss MicroImaging, Inc.). Enhanced green fluorescent protein was excited using the 488-nm laser line, and the emitted fluorescence was captured at wavelengths of Ͼ505 nm with images collected at 5-s intervals. Wild type and RGS2
Ϫ/Ϫ cells were treated or not with 8-pCPT-cGMP (100 M for 10 min) and then stimulated with AVP (100 nM). Movies were acquired at 12 frames/min.
Immunofluorescence Microscopy-Primary mouse aortic or A7r5 VSMCs cultured on coverslips were infected with lentiviruses expressing wild type RGS2-myc or RGS2(S46A,S64A)-myc. 48 -72 h later, cells were treated with vehicle or 8-pCPT-cGMP (100 M) or the selective cGKI inhibitor Rp-8-pCPT-cGMPS (20 M) for 30 min. Cells were fixed with 3% paraformaldehyde in phosphate-buffered saline for 30 min, washed, and blocked with 5% normal goat serum in buffer A (phosphate-buffered saline with 0.1% Triton X-100) for 20 min at 4°C. Cells were incubated with primary antibodies (1:100 mouse anti-Myc, 9E10; Covance, Berkeley, CA) in buffer A with 1% goat serum for 20 min and washed 10 times. Secondary antibodies (1:1000 Alexa Fluor488 goat anti-mouse IgG; Molecular Probes) in solution A with 1% goat serum were incubated with cells for 20 min, followed by 10 washes in buffer A, and examined by confocal fluorescence microscopy. Fluorescence images were quantified using NIH Image J 1.37v. The proportion of wild type or mutant RGS2-myc associated with the plasma membrane was quantified on a cell by cell basis by subtracting the fluorescence signal in the cytoplasm/intracellular organelles/nucleus from the total fluorescence of the cell and dividing this value by total fluorescence.
RGS2-myc Degradation-A7r5 smooth muscle cells grown to ϳ70% confluence in Dulbecco's modified Eagle's medium/ F-12 supplemented with 10% fetal bovine serum and 2 mM glutamine were transfected using FUGENE 6 reagent and FCIV transfer plasmid expressing RGS2-myc or RGS2(S46A,S64A)-myc. 48 h after transfection, cells were treated with vehicle, 8-pCPT-cGMP (100 M), or Rp-8-pCPT-cGMPS (20 M) in the presence of cycloheximide (30 g/ml). The proteasome dependence of RGS2-myc degradation was investigated by treating cells with MG132 (10 M). Cells were harvested by the addition of ice-cold phosphate-buffered saline and lysed in MLCB (50 mM Tris, pH 8.0, 2 mM dithiothreitol, 5 mM EDTA, 0.5% Nonidet P-40, 100 mM NaCl, 1 M microcystin, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride) supplemented with protease inhibitor tablets (Roche Applied Science). Cell debris and unbroken cells were pelleted by centrifugation (13,000 ϫ g) for 15 min at 4°C. Supernatant fractions were used for Western blotting (30 g of total protein/ lane separated on 12% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes (Millipore)). Membranes were blocked for 1 h in 5% fat-free milk/TBST followed by co-incubation with primary antibodies (1:1000 mouse antiMyc, 9E10 (Covance); 1:2000 rabbit anti-GFP (AbCam)) overnight at 4°C. Membranes were washed and co-incubated with secondary antibodies conjugated with infrared fluorescent dyes (1:10,000 goat anti-mouse IRDye680 and 1:10,000 goat antirabbit IRDye 800CW; LI-COR Biosciences, Lincoln, NE) for 1 h. Myc and GFP bands were detected and quantified using an Odyssey infrared imaging system (LI-COR Biosciences). RGS2-myc protein expression was normalized to that of co-expressed GFP.
Statistics-Student's t test (two-tailed, two-sample, equal variance) with Bonferroni correction was used to analyze Ca 2ϩ signaling data, the effect of proteasome inhibitor on RGS2-myc degradation, and membrane translocation data. A two-way analysis of variance was used to assess the effect of 8-pCPTcGMP and Rp-pCPT-cGMPS on the degradation rate of RGS2-myc and RGS2(S46A,S64A)-myc proteins at various time points. A Newman-Keuls post hoc test was used to determine between-group differences at the various time points. A p value of less than 0.05 was considered statistically significant.
RESULTS
RGS2 Regulates Vasopressin-stimulated Ca 2ϩ Store Release and Entry in Primary Aortic Vascular Smooth
Muscle Cells-To determine whether RGS2 regulates specific Ca 2ϩ release and/or Ca 2ϩ entry mechanisms in VSMCs stimulated by AVP, we used specific pharmacologic tools established by previous investigations (54 -60) . Our objective was to determine whether RGS2 regulates AVP-triggered Ca 2ϩ release from intracellular stores, CCE, or NCCE. An answer to this question was required to determine whether RGS2 negatively regulates Ca 2ϩ flux pathways implicated in vascular contraction and to determine which Ca 2ϩ flux pathways are inhibited by the NO-cGMP pathway in an RGS2-dependent manner in order to promote relaxation. We used congenic wild type and RGS2 Ϫ/Ϫ mice to prepare primary aortic smooth muscle cells, as described previously (50, 51) . We did not routinely use primary smooth muscle cells from mesenteric resistance arteries, because they were difficult to isolate in sufficient quantity and because aortic and mesenteric artery smooth muscle cells gave equivalent results in preliminary experiments (51) (data not shown).
Contributions of Ca 2ϩ release from internal stores, CCE, and NCCE to total Ca 2ϩ fluxes elicited by AVP were investigated by performing FURA-2 imaging experiments using VSMCs treated in the following ways, as established previously (54 -60) . Primary aortic VSMCs from wild type and RGS2 Ϫ/Ϫ mice were incubated in the following media: 1) containing Ca 2ϩ (black curves in Fig. 1 and SKF 96365 currently provide the best pharmacological tools to probe CCE and NCCE, they can inhibit a variety of Ca 2ϩ or cation channels. Thus, it was important to confirm that these compounds discriminated between CCE and NCCE. Accordingly, we stimulated cells treated as described above under conditions known to augment (3 nM AVP) or diminish (100 nM AVP) NCCE relative to CCE (54 -60) . All experiments were conducted using cells treated or not with the cell-permeant cGMP analog 8-pCPT-cGMP (10 min prior to the AVP addition) to determine which Ca 2ϩ flux pathways are inhibited acutely by cGMP stimulation in an RGS2-dependent manner. This cGMP analog activates cGKs but does not inhibit phosphodiesterases that would affect cGMP and cAMP levels (53) .
Results of experiments measuring Ca 2ϩ fluxes triggered by AVP are shown in Figs. 1 and 2 . Fig. 1 response due to store release. These data were quantified by integrating the area under each curve in Fig. 1 to determine the magnitude of the Ca 2ϩ response contributed collectively by all mechanisms or separately by release from intracellular stores, CCE, or NCCE, as shown in Fig. 2 .
Results quantified in Fig. 2 indicated several observations. First, as expected from previous studies of VSMC lines (55) (56) (57) (58) , the contribution of NCCE relative to CCE was greater at low concentrations of AVP, confirming the validity of methods used to selectively inhibit CCE versus NCCE. Second, the absence of RGS2 significantly augmented AVP-stimulated Ca 2ϩ release, CCE, and NCCE. This result suggested that RGS2 limits the magnitude and/or duration of AVP-stimulated G q activity and consequent production of inositol 1,4,5-trisphosphate and diacylglycerol by the action of PLC␤. Third, in wild type cells, 8-pCPT-cGMP strongly inhibited AVP-triggered Ca 2ϩ release and CCE but had an insignificant effect on AVPstimulated NCCE. Fourth, in RGS2 Ϫ/Ϫ cells, 8-pCPT-cGMP failed to inhibit AVP-triggered Ca 2ϩ release, CCE, or NCCE. These latter two results indicated that RGS2 is essential for cGMP-mediated inhibition of AVP-triggered Ca 2ϩ release and CCE, thereby establishing a mechanism for the vascular relaxation impairment observed in RGS2 Ϫ/Ϫ mice.
RGS2 Mediates cGMP-triggered Inhibition of Vasopressinstimulated PLC␤ Activation-
The preceding results are consistent with the hypothesis that RGS2 regulates AVP-stimulated Ca 2ϩ fluxes by controlling G q -mediated PLC␤ activation. However, because RGS2 has targets other than G q (reviewed in Refs. 45 and 46) and because Ca 2ϩ flux pathways are complex and subject to incompletely understood regulatory mechanisms (reviewed in Ref. 63) , it was essential to determine directly whether RGS2 regulates AVP-and G q -stimulated PLC␤ activity in VSMCs.
Accordingly, we employed a biosensor of PLC␤-stimulated diacylglycerol (DAG) production consisting of GFP fused to the DAG-binding C1 domain of PKC␥ (EGFP-N1-PKC␥C1A or GFP-C1), which translocates from the cytoplasm to the plasma membrane in response to DAG production via PLC␤ action (64) . We expressed GFP-C1 by adenoviral infection of primary aortic smooth muscle cells from wild type and RGS2 Ϫ/Ϫ mice. Cells were analyzed 3 days after infection by confocal fluorescence video microscopy to follow the time course of AVP-stimulated DAG production in the absence or presence of 8-cPTcGMP. Fig. 3 shows representative frames of movies (movies are available in the Supplemental materials) of AVP-stimulated GFP-C1 translocation in AVP-stimulated wild type and RGS2 Ϫ/Ϫ aortic VSMCs. In the absence of 8-pCPT-cGMP, GFP-C1 translocated efficiently to the plasma membrane when wild type or RGS2 Ϫ/Ϫ cells were stimulated with AVP. These cells also exhibited AVP-stimulated membrane ruffling and microspike formation (see movies in the supplemental materials). In contrast, in wild type cells pretreated with 8-pCPTcGMP, AVP failed to trigger translocation of GFP-C1 or cell shape changes (see Fig. 3 and supplemental materials). Strikingly, however, in RGS2
Ϫ/Ϫ cells treated with 8-pCPT-cGMP, AVP stimulated robust translocation of C1-GFP and membrane ruffling (Fig. 3 and supplemental materials) . Therefore, RGS2 is required for cGMP-mediated inhibition of AVP-stimulated PLC␤ activation and consequent cell shape changes.
cGK Inhibition Attenuates RGS2 Degradation in Vascular Smooth Muscle Cells-To determine whether cGKI␣-mediated phosphorylation regulates RGS2 function in cells by mechanisms other than by increasing its GAP activity, we transfected A7r5 vascular smooth muscle cells with a plasmid that co-expresses a functional Myc-tagged form of RGS2 and a variant of green fluorescent protein (VENUS). This approach allowed us to determine efficiency of transfection and normalize expression of RGS2-myc relative to VENUS for studies of protein degradation rates. A7r5 cells were used instead of primary mouse aortic smooth muscle cells, because protein degradation studies required large numbers of cells.
Results shown in Fig. 4 indicate that a cGK inhibitor decreases the rate of RGS2-myc degradation in A7r5 smooth muscle cells. In cells treated with the selective and potent cGK inhibitor (Rp-8-pCPT-cGMPS) (65) and cycloheximide to block new protein synthesis, RGS2-myc degradation over time was slower relative to cells treated with vehicle and cycloheximide (Fig. 4A) . Stimulation of cells with a selective cGK activator (8-pCPT-cGMP) did not augment the rate of RGS2-myc degradation relative to vehicle controls (Fig. 4A) . In the absence of a cGK inhibitor, degradation of wild type RGS2-myc in A7r5 cells appears to be mediated by the proteasome, because the levels of RGS2-myc were significantly higher in cells incubated for 1 h with cycloheximide and the proteasome inhibitor MG132 relative to cells treated only with cycloheximide (Fig.  4B) . Because the N-terminal domain of RGS2 fused to GST can be phosphorylated in vitro on serine 46 and serine 64 by cGKI␣ (34), we determined whether these phosphorylation sites regulate the degradation of full-length RGS2-myc in A7r5 cells. If phosphorylation of these sites promotes degradation of RGS2-myc, then this mutant form of RGS2-myc should be degraded slowly, like wild type RGS2-myc in the presence of the cGK inhibitor. Contrary to this expectation, under all conditions tested (vehicle, cGK inhibitor, or cGK activator), we found that mutant RGS2-myc was degraded rapidly (Fig. 4C) , like wild type RGS2-myc in the absence of the cGK inhibitor. This result indicated that the mechanisms whereby cGK activity controls RGS2 degradation are complex (see "Discussion").
cGK Regulation RGS2 Association with the Plasma Membrane in Vascular Smooth Muscle Cells-Two lines of evidence prompted us to investigate whether cGK-mediated phosphorylation regulates the intracellular localization of RGS2 in VSMCs. First, cGKI␣ phosphorylation sites (serine 46 and serine 64) (34, 66) are located within or near an N-terminal amphipathic ␣-helical membrane-targeting domain of RGS2 (residues 32-66) (67). Second, because the N-terminal domain of RGS2 fused to GFP associates efficiently with the plasma membrane, whereas full-length RGS2 does not (67), the membrane association function of the amphipathic helix in fulllength RGS2 may be regulated.
To test this hypothesis, we used lentiviruses to express wild type or mutant RGS2-myc lacking its two known cGKI␣ phosphorylation sites (S46A,S64A mutant) in primary mouse aortic and A7r5 VSMCs. Infected cells were treated for 30 min with or without a cGK activator (8-pCPT-cGMP) or cGK inhibitor (Rp-8-pCPT-cGMPS) and analyzed by confocal immunofluorescence microscopy to determine the localization of RGS2-myc (Fig. 5 ). Data obtained with primary aortic VSMCs were quantified ( Fig. 6 ; see "Experimental Procedures") to determine the proportion of the total RGS2-myc pool that was plasma membrane-associated. The results indicated that under control conditions, wild type RGS2-myc associated detectably with the plasma membrane. In cells treated with the cGK activator (8-pCPTcGMP), the fraction of the total wild type RGS2-myc pool that was plasma membrane-localized increased significantly (Fig. 6) . Conversely, treating cells with the cGK inhibitor (Rp-8-pCPT-cGMPS) decreased the association of wild type RGS2-myc with the plasma membrane (Fig. 6) . The effects of the cGK activator and inhibitor on RGS2-myc localization were specific, because activation of PKC, which can phosphorylate RGS2 (12), did not affect RGS2-myc localization (data not shown). In contrast to what we observed with cells expressing wild type RGS2-myc, both the cGK activator (8-pCPT-cGMP) and inhibitor (Rp-8-pCPT-cGMPS) reduced the proportion of RGS2(S46A,S64A)-myc associated with the plasma membrane (Fig. 6 ). These two known cGKI␣ phosphorylation sites therefore appeared to be required for augmented plasma membrane localization of RGS2-myc in OCTOBER 26, 2007 • VOLUME 282 • NUMBER 43
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response to cGK activation. However, because the cGK activator and inhibitor both reduced the plasma membrane association of RGS2(S46A,S64A)-myc, cGK activity apparently regulates the plasma membrane association of RGS2-myc by additional mechanisms (see "Discussion"). Taken together, these results and those of previous studies indicate that RGS2 GAP activity, degradation, and localization are regulated by cGK activity.
DISCUSSION
Regulation of Vasoconstrictor-triggered Ca
2ϩ Flux Pathways by RGS2 and cGMP-Results presented herein demonstrate that RGS2 is a crucial effector of the NO-cGMP pathway that promotes vascular relaxation by inhibiting vasoconstrictormediated PLC␤ activation and Ca 2ϩ signaling. We have found in aortic smooth muscle cells that the inhibitory effects of a cGMP analog on vasoconstrictor (vasopressin)-induced PLC␤ activation, Ca 2ϩ release from intracellular stores, and CCE are essentially completely dependent on the presence of RGS2. This finding therefore establishes a mechanism for impaired NO-or cGMP-triggered vascular relaxation in RGS2 Ϫ/Ϫ mice (34, 51) . However, in the absence of RGS2, why is cGMP-mediated inhibition of AVP-stimulated Ca 2ϩ release and CCE essentially completely defective, whereas NO-or cGMP-triggered vascular relaxation is impaired but not completely defective? A straightforward possibility is that RGS2 is dispensable for cGMP-mediated inhibition of vasoconstrictor-triggered RhoA activation and signaling. We suggest this hypothesis, because cGMP analogs inhibit the ability of vasoconstrictor receptors to activate RhoA via G 12/13 (68) , which are insensitive to inhibition by RGS2. Thus, in the absence of RGS2, the NO-cGMP pathway is expected to retain the ability to inhibit the RhoA pathway, thereby allowing relaxation to occur, albeit with reduced efficiency. Our analysis of cGMP regulation of PLC␤ activation and Ca 2ϩ signaling in wild type versus RGS2 Ϫ/Ϫ VSMCs raises the possibility that a novel pathway exists whereby vasopressin receptors trigger NCCE. We suggest this hypothesis based on the following information. Previous investigations have indicated that vasopressin stimulates NCCE in vascular smooth muscle cells by a pathway in which DAG produced by PLC␤ action is converted to arachidonic acid, which stimulates NO production and triggers NCCE (54 -58) . Consistent with this mechanism, our results indicate that NCCE is augmented in cells lacking RGS2, as expected if RGS2 negatively regulates G q -stimulated PLC␤ activation and consequent DAG production. However, if this pathway provides the sole means of triggering NCCE, it should be inhibited by cGMP analogs in an RGS2-dependent manner. In contrast, we find that 8-pCPT-cGMP insignificantly inhibits vasopressin-triggered NCCE, whether RGS2 is present or absent. Accordingly, vasopressin receptors may trigger NCCE by another mechanism that is insensitive to inhibition by RGS2, possibly involving G 12/13 or G protein-independent pathways.
RGS2 Regulation by cGMP-dependent Protein Kinase-We have discovered two new mechanisms whereby cGK activity regulates RGS2 in vascular smooth muscle cells. First, whereas RGS2 is an unstable protein that is degraded via the proteasome, its degradation is blunted when vascular smooth muscle cells are treated with a cGK inhibitor. The mechanism by which cGK activity regulates RGS2 degradation is not clear, because a cGK activator does not stimulate RGS2 degradation, perhaps because basal cGK activity is sufficient to promote RGS2 degradation. Moreover, an RGS2 mutant lacking the two known cGKI␣ phosphorylation sites (S46A,S64A) is degraded rapidly whether cells are treated with a cGK activator or inhibitor, suggesting that dephosphorylation of these sites is insufficient to stabilize RGS2. Nevertheless, this mutant form of RGS2 could adopt an abnormal conformation, rendering it more susceptible to degradation. Therefore, further work will be required to dissect the precise mechanisms whereby cGK activity regulates RGS2 degradation. However, such mechanisms may be relevant to human hypertension, because a rare Rgs2 allele (Q2L) identified in a Japanese hypertensive population promotes RGS2 degradation (69).
Second, we have found that cGK activity regulates the intracellular localization of RGS2 in vascular smooth muscle cells. Whereas a cGK activator augments the association of RGS2 with the plasma membrane, a cGK inhibitor has the opposite effect. In contrast, plasma membrane association of RGS2 lacking its cGKI␣ phosphorylation sites is inhibited in response to either a cGK activator or inhibitor. Therefore, although these cGKI␣ phosphorylation sites are partially responsible for mediating the effects of cGK activity on RGS2 localization, other mechanisms may also be involved. For example, cGK may phosphorylate RGS2 on other sites or phosphorylate other proteins that bind RGS2 and influence its association with the membrane. Indeed, RGS2 can interact with overexpressed G q ␣, G s ␣, spinophilin, adenylyl cyclase, TRPV6, and certain GPCRs (38, 40, 42, 43, 70, 71) .
How might cGK-mediated phosphorylation trigger recruitment of RGS2 to the plasma membrane? Based on a structural model of full-length membrane-bound RGS2 developed by molecular dynamics modeling and other methods (72), we hypothesize that cGKI␣-mediated phosphorylation of RGS2 regulates the structure or accessibility of the N-terminal domain, which contains the two cGKI␣ phosphorylation sites (Ser 46 and Ser 64 ) and an amphipathic ␣-helical membrane-targeting domain (residues . In this structural model (Fig. 7) , Ser 46 and Lys 41 are located on the hydrophilic face of the amphipathic helix such that Ser 46 phosphorylation could allow these two residues to form a salt bridge that stabilizes the amphipathic helix and promotes membrane binding. Alternatively, Ser 46 phosphorylation potentially promotes salt bridge formation with Lys 71 in a loop connecting the amphipathic helix and the RGS domain (Fig. 7) , which also could stabilize the amphipathic helix. Ser 64 is located in the connecting loop between the amphipathic helix and the RGS domain, where it potentially interacts, when phosphorylated, with Lys 57 , Lys 63 , or Lys 65 in the loop (Fig. 7) , possibly altering the conformation of the N-terminal domain and exposing the amphipathic helix for membrane binding.
In conclusion, our studies and previous investigations suggest a model whereby a cycle of RGS2 activation and deactivation in vascular smooth muscle cells is controlled by cGK activity. In this model, RGS2 is an unstable protein that under basal conditions has low GAP activity and associates relatively inefficiently with the plasma membrane. Following cGK activation, RGS2 GAP activity and plasma membrane association increase, augmenting the ability of RGS2 to deactivate G q ␣. RGS2-mediated deactivation of G q ␣ would impair the ability of vasoconstrictor receptors to activate PLC-␤, thereby attenuating production of DAG and IP3, release of Ca 2ϩ from intracellular stores, and Ca 2ϩ entry via CCE. As cGMP levels fall, cGK activity would decline, and RGS2 would return to a state with lower GAP activity and reduced affinity for the plasma membrane, thereby disinhibiting vasoconstrictor-mediated G q signaling and promoting vascular contraction. Because in human hypertension, the activity of the NO-cGMP pathway and cGKI␣ often are reduced due to endothelial dysfunction (reviewed in Ref. 73 ), FIGURE 7 . Proposed mechanism of RGS2 membrane targeting triggered by cGKI␣ phosphorylation. A structural model of full-length RGS2 optimized for membrane binding is shown (72) . Residues of RGS2 (Ser 46 and Ser 64 ) that are phosphorylated by cGKI␣ and are required for cGMP-triggered translocation to the plasma membrane are indicated in a space fill representation. Basic residues hypothesized to form charged pair interactions with phosphorylated Ser 46 and Ser 64 are indicated as sticks. The hydrophobic face of the amphipathic membrane-targeting helix is indicated in purple. Charged pair interactions involving the indicated basic residues and phosphorylated Ser 46 and Ser 64 are hypothesized to stabilize the amphipathic helix in a conformation that promotes membrane binding. For clarity, only a portion of the RGS domain is shown. See "Discussion" for details.
impaired activation of RGS2 may occur and contribute to vascular relaxation defects and elevated blood pressure.
